Introduction
============

Platelets are small (1-3 µm) ([@r1]), anuclear cell fragments, derived in bone marrow from megakaryocytes by cellular fragmentation ([@r2]-[@r5]). Platelet differentiation is directed by several growth factors, the most notable one being thrombopoietin ([@r2]). Their lifespan is 7-9 days^3^, and the concentration of platelets in peripheral blood of a healthy adult is 150-350x10^9^/L ([@r2], [@r6], [@r7]).

Platelets contain at least 60 biologically active, pre-synthesized molecules, e.g., cytoskeletal proteins, signaling molecules, membrane protein, growth factors, coagulation proteins, adhesion molecules, cell-activating molecules, cytokines, integrins, inflammatory molecules, and others ([@r2], [@r3], [@r8]). These molecules are stored in one of the three main types of platelet granules. The first form of granules are dense granules. There are 3-8 dense granules *per* platelet; they are released by exocytosis and contain several active substances (adenosine diphosphate/adenosine triphosphate (ADP/ATP), serotonin, Ca^2+^) ([@r9], [@r10]). There are 50-80 alpha (α) granules *per* platelet ([@r10], [@r11]), and they release a plethora of different growth factors, chemokines and cytokines ([@r9], [@r10]). Although there are more than 300 different proteins in α-granules ([@r11], [@r12]), it seems that the most important growth factors in platelets are the three isomers of platelet-derived growth factor (PDGF) αα, ββ and αβ, transforming growth factor (TGF)-α and -β, vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF), since they initiate wound healing ([@r13], [@r14]).

Also of importance are other growth factors found in platelets, i.e. fibroblast growth factors (FGFs), insulin-like growth factor (IGF), platelet-derived endothelial growth factor (PDEGF), platelet-derived angiogenesis factor (PDAF), interleukin-8 (IL-8), tumor necrosis factor (TNF)-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), keratinocyte growth factor (KGF) and angiopoietin-2 (Ang-2) ([@r2]). All of the above-mentioned growth factors participate in tissue healing, influencing mechanisms such as chemotaxis, cell proliferation, cell differentiation, removal of cell debris, angiogenesis, immune modulation, antimicrobial activity and tissue remodeling ([@r2], [@r3], [@r11], [@r15]). The last type of platelet granules are lysosomes that contain enzymes responsible for protein induction and matrix regeneration (cathepsins D and E, elastase, acid hydrolases) ([@r9], [@r10], [@r16]).

When platelets adhere to the exposed molecules of injured epithelium or bind physiological agonists such as thrombin, ADP, collagen, thromboxane A2, epinephrine or platelet-activating factors, they get activated ([@r3]). This process leads to rapid shape change of the platelet, to development of pseudopodia because of cytoskeleton reorganization, and finally to platelet aggregation ([@r1], [@r2]).

Platelet activation also causes release of the contents of α-granules into the surrounding environment due to their fusion with platelet plasma membrane, known as degranulation ([@r10], [@r17]). The majority (95%) of the pre-synthesized contents of platelet granules is released within 1 hour of the activation, while additional growth factors are synthesized and released until the end of the platelet lifetime ([@r13]).

Besides their role in hemostasis, where platelets help prevent blood loss at the site of injury, they also play an important role in immune defense, tissue forming and regeneration ([@r2], [@r10], [@r16]). Because of these findings, platelets were started to be successfully used for faster healing of chronic wounds. To date, there are only few studies that focus on the effectiveness of the use of the autologous platelet rich plasma (PRP) and platelet gel for the purpose of accelerating healing of chronic wounds. The aim of this study was to expand the knowledge about PRP and to evaluate the efficacy and safety of the new method of PRP activation into a platelet gel used for the treatment of non-healing chronic lower leg ulcers.

Patients, Materials and Methods
===============================

Throughout the procedure, local and European regulations and restrictions for tissue and cell products were followed. Both participating institutions (University Medical Centre Ljubljana and Department of Surgical Infections and Blood Transfusion Centre, Slovenia) acquired an accreditation by the Public Agency of the Republic of Slovenia for Medicinal Products and Medical Devices. The Republic of Slovenia National Medical Ethics Committee approved the study.

Sixty patients (42 males and 18 females, mean age 69.43 years, SD 14.74) with chronic ulcer of different etiology on lower extremity were enrolled in the prospective randomized controlled double blind trial. Thirty patients were treated with allogeneic platelet gel (experimental group) and 30 patients in control group with placebo hydrogel (Tegaderm; 3M, USA). The patients in both groups were comparable for ulcer duration and ulcer size (mean area 14.51 cm^2^, SD 23.14, range 0.1-136.2 cm^2^; mean circumference 13.53 cm, SD 10.77, range 1.6-53.8 cm). In both groups, we treated venous ulcers (n=12), arterial ulcers (n=12), diabetic ulcers (n=30) and non-healed ulcers following injury (n=6). Inclusion criteria were absence of local and systemic signs of inflammation, previous known malignancy, autoimmune diseases and absence of pregnancy. Laboratory parameters in the majority of patients before treatment (differential blood count, electrolytes, urea, creatinine, albumins, proteins, iron, C-reactive protein, erythrocyte sedimentation rate, liver function tests, tests of hemostasis) were within the normal limits. No anti-platelet antibodies were detected in the blood of any patient.

Blood group of the platelet gel recipient was determined (ABO, RhD). After identification of a possible donor (matching ABO RhD group), her/his written consent was obtained and blood was drawn to test for the presence of viral markers. Since platelet gel was considered a tissue/cell product, tests were performed as required by local regulations, including lues, hepatitis B surface antigen (HBsAg), antibodies to the hepatitis B core antigen (anti-HBc) and hepatitis B surface antigen (anti-HBs), hepatitis C antibody (anti-HCV), combined testing for human immunodeficiency virus antibody and p24 antigen (anti-HIV 1/2/0, HIVp24Ag), hepatitis B virus DNA (HBV DNA), hepatitis C virus RNA (HCV RNA) and HIV1 RNA.

Buffy coat was released from the quarantine when the donor blood sample was reported to be negative for viral markers and it was confirmed that the blood group of a donor matched that of a platelet gel recipient. Further processing started no later than 24 hours after the blood drawing. Buffy coat of the donor's blood was irradiated with 30 Gy from a Cs-137 source, using the Gammacell 1000 Elite (Best Theratronics, Canada) irradiation device.

After irradiation, processing continued in clean rooms (grade A-grade D environment as required by local regulation for tissue/cell processing). Buffy coat was transferred to the centrifuge tube and spun at 1500 g for 8 minutes without a break. The top-most layer (PRP) was transferred to the fresh tube. PRP was sampled for sterility testing using a Becton Dickinson Bactec 9050 (Becton Dickinson, USA) system and the platelet, red and white blood cell count was measured. PRP was stored at room temperature until platelet activation. All PRPs were used within 24 hours of preparation.

Outpatient treatment was performed at the outpatient unit of the Department of Surgical Infections, University Medical Centre Slovenia. At the beginning of the study, blood laboratory testing was performed and swabs of the wounds for microbiological examination were collected. Patients were examined once a week. Platelets in PRP were activated in the aseptic operating room using adjusted doses of components Beriplast P Combi-Set 1 mL: thrombin 500 IU/mL + 40 mmol CaCl2 1 mL + aprotinin 100 KIU (Kallikrein Inactivator Unit, corresponding to 0.056 PEU, PEU = Ph. Eur Unit, 1 PEU= 1800 KIU) + fibrinogen 9 mg + coagulation factor XIII 6U (1 Unit (U) corresponds to Factor XIII activity of 1 mL fresh citrated plasma, pooled plasma of healthy donors). Gelatinous mixture (i.e. platelet gel) was formed within 5 minutes after the addition of activation components and was applied to the cleaned wound no later than 5.5 minutes after PRP activation.

After wound irrigation with the local antiseptic solution polyhexamethylenebiguanide (PHMB) 0.1% with Betaine 0.1% (Prontosan; B Braun, Germany) and sharp cleaning with the gauze, platelet gel or hydrogel (Tegaderm; 3M, USA) were applied to the wound bed and covered with silicone-polyurethane wound dressing (Mepilex; Mölnlycke, Sweden). The surrounding skin was protected using a neutral fat cream (20% olive oil in linola fat). Treatment was repeated once *per* week for three consecutive weeks. Digital photos of the wounds were obtained every week before gel application.

For wound image analysis, specially developed digital image analysis algorithm, Wound ManagerTM, based on artificial intelligence, was used. Wound area, circumference, and wound healing rate (WH, calculated as relative weekly change of wound area) were presented graphically and numerically. The information about percentages of different tissue types within the wound (granulation tissue, fibrin, necrosis) were manually marked on the selected wound photographs. At the end of the study, blood laboratory examination and swabs of the wounds for microbiological examination were performed again ([Tables 1 and 2](#t1){ref-type="table"}[](#t2){ref-type="table"}).

###### Laboratory blood values before and after treatment

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              Mean\               Mean\               Mean leukocyte count before (10^9^/L)   Mean\        Mean\        Mean\        Mean\        Mean\
                              platelet\           platelet\                                                   leukocyte\   CRP\         CRP\         ESR\         ESR\
                              count\              count\                                                      count\       value\       value\       value\       value\
                              before\             after\                                                      after\       before\      after\       before\      after (mm/h)
                              (10^9^/L)           (10^9^/L)                                                   (10^9^/L)    (mg/L)       (mg/L)       (mm/h)       
  --------------------------- ------------------- ------------------- --------------------------------------- ------------ ------------ ------------ ------------ --------------
  Experimental group (n=30)   263.73 (SD 63.49)   264.26 (SD 74.51)   7.59\                                   7.32\        11.60\       9.16\        30.74\       31.47\
                                                                      (SD 2.02)                               (SD 1.76)    (SD 10.28)   (SD 10.54)   (SD 26.09)   (SD 22.73)

  Control group (n=30)        315.10 (SD 33.53)   310.50\             7.51\                                   7.61\        10.00\       8.83\        19.83\       17.83\
                                                  (SD 45.00)          (SD 1.08)                               (SD 0.77)    (SD 5.87)    (SD 5.31)    (SD 9.72)    (SD 7.28)

  p                           \<0.001             0.005               0.849                                   0.413        0.462        0.878        0.036        0.003
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; SD = standard deviation; p = level of statistical signifficance of between-group differences

###### Differential blood count before and after treatment

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                  \% of neutrophils in differential blood count before   \% of neutrophils in differential blood count after   \% of lymphocytes in differential blood count before   \% of lymphocytes in differential blood count after   \% of monocytes in differential blood count before   \% of monocytes in differential blood count after   \% of eosinophils in differential blood count before   \% of eosinophils in differential blood count after   \% of\               \% of\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                  basophils\           basophils\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                  in\                  in\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                  differential\        differential\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                  blood count before   blood count after
  --------------- ------------------------------------------------------ ----------------------------------------------------- ------------------------------------------------------ ----------------------------------------------------- ---------------------------------------------------- --------------------------------------------------- ------------------------------------------------------ ----------------------------------------------------- -------------------- -------------------
  Experimental\   62.22\                                                 63.14\                                                22.69\                                                 23.35\                                                7.11\                                                6.82\                                               2.19\                                                  2.14\                                                 0.58\                0.52\
  group\          (SD 9.77)                                              (SD 10.33)                                            (SD 7.04)                                              (SD 7.87)                                             (SD 2.17)                                            (SD 1.98)                                           (SD 1.70)                                              (SD 1.54)                                             (SD 0.20)            (SD 0.30)
  (n=30)                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  Control\        65.61\                                                 66.54\                                                23.86\                                                 22.24\                                                7.62\                                                7.40\                                               1.18\                                                  1.01\                                                 0.41\                0.30\
  group\          (SD 5.55)                                              (SD 5.19)                                             (SD 5.31)                                              (SD 6.72)                                             (SD 1.20)                                            (SD 1.55)                                           (SD 0.76)                                              (SD 0.92)                                             (SD 0.22)            (SD 0.14)
  (n=30)                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  p               0.106                                                  0.135                                                 0.468                                                  0.530                                                 0.270                                                0.212                                               0.004                                                  0.001                                                 0.003                0.001
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

SD = standard deviation; p = level of statistical signifficance of between-group differences

Statistical analysis
--------------------

Student's t-test was used to analyze differences between the groups. All analyses were performed by use of PASW statistics 18.0 (IBM, USA). Healing of chronic wounds was assessed by calculating the percentage of the mean wound area and circumference reduction at 6 months of treatment as compared with the values recorded before treatment.

Results
=======

Six months after first platelet gel application, the mean area of the wounds in experimental group decreased to 35.01% (SD 53.69) of the initial value compared to 89.95% (SD 71.82) in control group, p=0.001. Circumference of the wounds was reduced to 54.62% (SD 39.85) of the initial value for experimental group and to 91.28% (SD 29.32) for control group, p\<0.001. Healing of chronic wounds with platelet gel was statistically significant when compared to the treatment with hydrogel (p\<0.05) ([Fig. 1](#f1){ref-type="fig"}).

![Photo documentation on three cases treated with platelet gel.](acc-57-434-f1){#f1}

Laboratory blood values and inflammation parameters in the blood were in the normal limits for both groups and did not vary significantly before and after treatment ([Tables 1 and 2](#t1){ref-type="table"}[](#t2){ref-type="table"}). In addition, the type of bacteria has not changed statistically significantly before and after treatment ([Table 3](#t3){ref-type="table"}).

###### Microbiological characteristics before and after treatment

  Pathogen                         Experimental group before treatment (n=30)   Experimental group after treatment (n=30)   p       Control group before treatment (n=30)   Control group after treatment (n=30)   p
  -------------------------------- -------------------------------------------- ------------------------------------------- ------- --------------------------------------- -------------------------------------- -------
  *Pseudomonas aeruginosa*         8                                            7                                           0.573   12                                      13                                     0.326
  *Morganella morganii*            4                                            3                                           0.326   4                                       4                                      1.000
  *Escherichia coli*               6                                            7                                           0.326   4                                       4                                      1.000
  *Staphylococcus aureus*          13                                           15                                          0.423   12                                      11                                     0.326
  *Streptococcus agalactiae*       3                                            5                                           0.161   5                                       5                                      1.000
  *Corynebacterium striatum*       2                                            2                                           1.000   4                                       4                                      1.000
  *Stenotrophomonas maltophilia*   1                                            3                                           0.161   1                                       1                                      1.000
  *Proteus mirabilis*              1                                            1                                           1.000   2                                       2                                      1.000
  *Enterococcus faecalis*          2                                            4                                           0.326   1                                       1                                      1.000

None of the patients treated with platelet gel developed maceration of the surrounding skin, while maceration was observed in 75% of patients in the control group despite the skin being protected with oily cream.

No systemic or local side effects or adverse reactions were observed during the topical treatment, and no platelet antibodies were detected in the systemic blood circulation of the patients who had received platelet gel.

Discussion
==========

Traditionally, platelet activation is achieved by adding thrombin and calcium to PRP. When platelets in the autologous PRP get activated, platelet gel is formed ([@r18]). It was first developed in the early 1970s. The first clinical use of platelet-fibrinogen-thrombin mixture as a 'corneal adhesive' dates from 1975 ([@r2], [@r19]). In 1979, platelet 'gel foam' was used to obtain sutureless nerve anastomosis ([@r2], [@r20]). In recent years, the use of platelet gel has been extended to different surgical fields ([@r21]). The fact that fibrin can drive fibroblast migration and collagen deposition, leading to granulation tissue formation, also offered the possibility of using platelet gel in the treatment of tissue defects ([@r2], [@r22]).

The strategy to promote wound healing is to prepare PRP/platelet gel and administer it to the sites of surgical interventions, injuries and chronic non-healing wounds, thus delivering growth factors directly to the wound site ([@r2], [@r7]). The mechanism of action is thought to be the molecular and cellular induction of normal wound healing responses, similar to the one triggered by platelet activation ([@r18], [@r23], [@r24]).

In addition to pain, chronic wounds on lower extremities also cause reduced mobility of the patient and, as such, strongly affect the quality of life ([@r25]). Therefore, platelet gel was used for topical treatment of different chronic wounds. When autologous platelets were used for chronic venous leg ulcers in a randomized trial as adjuvant therapy, no significant effect on healing was observed ([@r26]). Similarly, there was no influence on healing of chronic venous ulceration in another randomized study using topical application of autologous platelet lysate ([@r27]). In a systematic meta-analysis of the efficacy and safety of PRP, results showed no significant differences in complete epithelialization of skin ulcers between the experimental and control groups ([@r21]).

More success has been achieved in the treatment of diabetic neuropathic foot ulcers ([@r28]), where topically applied CT-102 APST significantly accelerated wound closure in diabetic leg ulcers ([@r29]). This is of great importance because patients with diabetes mellitus have an increased risk of developing peripheral artery disease. Diabetes in association with critical ischemia of limbs is independently associated with an increased risk of mortality ([@r30]).

A systematic review and meta-analysis in cutaneous hard-heal acute and chronic wounds demonstrated that PRP therapy improved complete and partial wound healing when compared with standard wound care ([@r24], [@r31]).

In the platelet gel, autologous platelets are most commonly used. However, there are several advantages to the use of allogeneic platelets instead. Allogeneic platelet units from the blood bank are usually available in larger quantities, are safe, affordable and highly standardized in terms of platelet count, residual leukocyte and red blood cell content. In addition, the conditions for their preparation are mandated by international standards in the USA and Europe (the centrifugal forces used for their isolation, the temperature of centrifugation, techniques of separation and processing, and the composition of the preservative solution) ([@r2], [@r32]).

Within the platelet gel, platelets are located in fibrin network, where they continually excrete bioactive substances and growth factors, which diffuse into the surrounding area ([@r3]). For optimization of activation and stability of the gel, we developed a new method. Besides commonly used activation of PRP with thrombin and calcium, we also added fibrinogen (factor 1) and factor XIII. The former was converted to fibrin by thrombin and the latter strengthened the cross-linking of fibrin molecules. We also added aprotinin, an antifibrinolytic molecule that inhibits proteolytic enzymes and thus slows down fibrinolysis and increases the consistency and stability of the platelet gel.

The characteristics of platelet products for transfusion are well specified while the minimum requirements for PRP are less clear ([@r33]). Although there seems to be a consensus on the minimum number of platelets in the final product ([@r13]), there is much less information on the number of other blood cell types in the PRP that can have an effect on its efficacy. Leukocytes contain and produce cytokines that are catabolically active and might influence the inflammatory phase of the wound-healing process but they can also have an important antimicrobial role in PRP ([@r34]). Therefore, we wanted to ensure at least minimal standardization of the PRPs we used. Since single donor platelets are a standard blood bank product, residual white and red blood cell content is highly standardized ([@r35]). The maximum amount of the red and white blood cells in PRP was therefore determined based on the standard ([@r36]).

Laboratory blood tests (complete blood count, electrolytes, urea, creatinine, albumins, proteins, iron, C-reactive protein, erythrocyte sedimentation rate, liver function tests, tests of hemostasis) were carried out in order to detect the possible systemic effects of platelet gel and hydrogel treatment. We found that the results were similar before and after treatment in all cases, which means that the use of hydrogel and allogeneic platelet gel had no systemic effects.

Our results suggest that the new method of PRP activation using not only a combination of calcium and thrombin, but also aprotinin, fibrinogen and coagulation factor XIII, is more efficient in treating chronic ulcers of different etiologies. We upgraded the formula of precursors and increased stability of the platelet gel. The modern non-adhesive dressings absorb the new harder formula of platelet gel less than liquid form, so it stays on the wound longer when compared to the standard liquid consistency. Consequently, its effects also last longer. This therapy is safe and painless and the patient can be followed up in an outpatient clinic. The improved method could be an alternative treatment option for non-healing chronic wounds where other methods have failed.

In the so far published literature, PRP in wound healing of different etiology shows promising results ([@r11], [@r37]-[@r40]), and so do the results of our study. This method is superior to others because of increased stability of platelet gel with prolongation of the effect. It could be the gold standard of treatment option.

In the past years, quality of life has gained ever more attention in medicine, and patients treated with PRP heal faster, returning to normal life and its quality.
